Genome sequence data provide a framework for predicting potential microbial activities; however, the proteome content of the cell dictates its response to its environment. Microbiology is witnessing a major initiative to elucidate the nature of the proteome of large numbers of species. The tool driving the proteomic revolution is matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. During the analysis process, proteins are ionized and separated on the basis of their mass-to-charge ratios, which results in a characteristic mass-spectral profile. Because of the dynamic nature of the cell and the large number of external parameters that could influence its mass-spectral profile, considerable work was needed initially to optimize sample analysis and obtain consistent and reproducible results. For many anaerobes that grow poorly or are nonreactive in most diagnostic systems, proteome analysis is likely to have a major impact on microbial diagnosis and the delineation of centers of diversity associated with infections.
at complete proteome display, protein-protein interaction, protein expression profiling, and biomarker discovery. We are using a combination of 2-dimensional gel electrophoresis and MALDI-TOF-MS to examine intact cells and proteins captured on protein chip arrays to profile a wide range of human pathogens, including anaerobic species of the genera Bacteroides, Prevotella, Porphyromonas, Fusobacterium, Treponema, Peptostreptococcus, Clostridium, and toxigenic and nontoxigenic Bacteroides fragilis and Clostridium botulinum.
MALDI-TOF-MS is a relatively new technology for the analysis of biological molecules. In practice, minimal preparation is required: the sample is simply placed on a stainless steel target plate and a matrix solution is added and left to dry for a few minutes. The addition of the laser energy-absorbing organic matrix solution to the biomolecules results in rapid cocrystallization in a spatial array on the target plate. The sample is then analyzed by exposure to a fixed, pulsed Figure 1 . Examples of the mass-spectral profiles of members of the genus Porphyromonas. These species, which are normally difficult to delineate by conventional methods, are clearly resolved by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry.
laser beam, the energy from which is absorbed by the matrix, which results in ionization and liberation of a portion of the sample. The ions travel though a "flight" tube to a detector, during which time differences in mass-to-ionic charge ratios result in their separation. The results from multiple laser pulses are collected electronically in spectral channels and are converted from TOF measurements into mass:charge values. The results are displayed as a spectrum of the ionizable moieties of the bacterial cells' surfaces. The mass-spectral profiles produced are stable and reproducible, and they can be stored in a database and used for subsequent pattern matching of different species/ strains. The potential application across the field of microbiology is therefore immense [7] [8] [9] [10] [11] [12] .
Surface-enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-TOF-MS) is a modification of MALDI-TOF-MS in which the stainless steel target plate of the latter is replaced by ProteinChip arrays. These contain sample spots of ∼1 mm diameter, with each chip having a different surface chemistry. These may be chemical (e.g., ionic, hydrophobic, hydrophilic) or biochemical (antibody, receptor, DNA, etc.) and are designed to capture proteins of interest from cell lysates. In practice, the crude protein sample is dispensed onto the ProteinChip wells, washed to remove unbound proteins and interfering substances, and then analyzed directly on the SELDI-TOF mass spectrometer. The resulting molecular weights of the bound proteins are determined in minutes. The system complements the linear MALDI-TOF mass spectrometer by resolving higher bacterial protein masses (e.g., up to150 kDa in our laboratory; authors' unpublished data) that may then be used as specific biomarkers for each taxon. Many anaerobic taxa are nonfermentative, lack phenotypic markers, and therefore remain poorly defined. As a consequence, the aim of this program of work is to investigate the potential to discriminate such taxa at the species and subspecies level by use of MALDI-TOF-MS and SELDI-TOF-MS.
MATERIALS AND METHODS

Bacterial cultures.
Reference strains were from the National Collection of Type Cultures and from previous work we have undertaken. Strains of Fusobacterium nucleatum, Prevotella intermedia, and Prevotella nigrescens isolates were from Rudolf Gmür (University of Zürich). 
MALDI-TOF-MS.
Cultures were grown at 37ЊC on Columbia blood agar (CBA) plates in anaerobic jars (Oxoid) under an atmosphere of 10% CO 2 and 5% H 2 in N 2 ; 1-mL disposable plastic loops were used to remove a small amount of growth from the surface of several single colonies on an agar plate. This was placed on a stainless steel 20-sample slide (Manchester TO-406; Kratos Analytical). A 0.7-mL drop of matrix solution that contained acetonitrile, water, and methanol (1:1:1); 0.01 M 18-crown-6 ether; and 0.1% formic acid (v/v) saturated with a-cyano 4-hydroxy-cinnamic acid (14 mg/mL) was then overlaid onto the inoculated target. The samples were allowed to air dry. All reagents were obtained from Sigma Aldrich. A Kratos Kompact Alpha Mass Spectrometer with 337-nm laser, 3-ns pulse width, and time-delayed extraction that sampled 100 profiles across the width of the sample was used for the analysis of all samples. A combined calibration file that used angiotensin II, bovine insulin, and equine cytochrome-c (Sigma) was generated to cover the mass range 5-10 kDa. The data were collected in a linear positive ion mode. Each sample was analyzed in replicates of 5. Spectral profiles were smoothed and the baseline subtracted. A modified Jaccard coefficient and UPGMA (unweighted pair group method with arithmetic mean) were used to analyze and interpret data, which were then presented schematically in the form of a dendrogram. Cluster analyses were performed on the summed product of 5 replicate spectra [1] .
SELDI-TOF-MS. Cells were grown at 37ЊC for 48 h on CBA, under anaerobic conditions, as described above. By use of 10-mL disposable loops, ∼30-mL cells were suspended in 300 mL of PBS (Oxoid); 0.1-mm zirconium beads amounting to approximately one-third of the mass of the solution (Stratech Scientific) were added, and the cells were lysed by beating them for 3 min in a Mickle disintegrator (Mickle Engineering). The tubes were then left to stand at room temperature for 10 min for the beads to settle at the base of the tubes, and the supernatant was collected for analysis. A 2-mL volume of 10% acetonitrile (BDH Laboratory Supplies) was added to each spot on the hydrophilic (NP2) protein binding and hydrophobic (H4) protein-binding chip arrays (Ciphergen Biosystems), after which 2 mL of the protein sample were injected into the acetonitrile drop. The chip array was incubated in a humidity chamber for 15 min. After incubation, each spot was washed twice with 50% acetonitrile to eliminate nonspecific binding, and the chip was then left to air dry for 10 min. Samples were overlaid with matrix solution (triflouroacetic acid and acetonitrile In the final step, the protein chip array was loaded onto the SELDI ProteinChip array mass spectrometer (ProteinChip Biology System Series 11; Ciphergen Biosystems). The PBS-11 mass spectrometer uses a 337-nm laser and 4-ns pulse width, and, in these experiments, resolved proteins within the range 3-50 kDa when the linear TOF mode was used and by detection of positive ions only. Data interpretation was done with the aid of Ciphergen ProteinChip software (2.1 release), which converts the mass intensity of peaks into intensity bands and subtracts common bands to reveal unique biomarker peaks for a given sample.
RESULTS AND DISCUSSION
Our interest in the use of this technology as a means of rapid microbial identification stems from our early observations that the mass spectrum of taxa that are otherwise difficult to delineate can be resolved by use of MALDI-TOF-MS [13] . Thus, representative members of the genus Porphyromonas show consistent and highly characteristic MALDI-TOF-MS patterns that may be used to delineate species (see figure 1) . By contrast, the high degree of genetic similarity between P. intermedia and P. nigrescens is reflected in the large number of mass ions that are common to both species. Cluster analysis of these data indicate that P. nigrescens is a more homogeneous species in terms of its surface molecules, whereas at least 3 different subgroups are apparent among strains of P. intermedia (figure 2). Detailed biomarkers in the high-mass region are characteristic of each species (data not shown). At the generic level, representative members of Bacteroides, Prevotella, and Porphyromonas may be readily distinguished by comparison of MALDI-TOF mass spectral profiles over the range 0.5-3 kDa ( figure 3) .
The potential to use MALDI-TOF-MS as a means of typing bacterial species is demonstrated in the mass spectra of strains of F. nucleatum. This species exhibits such a high level of genetic diversity that the number of ribotypes and serovars has been described as "infinite" [14] . Cluster analysis of the MALDI-TOF profiles (figure 4) reflects this diversity and shows that this species is made up of a large number of variants.
The relationship of these serotypes to the subspecies of F. nucleatum is unknown [14] . However, we have demonstrated elsewhere, using authentic strains of F. nucleatum subspecies nucleatum, F. nucleatum subspecies polymorphum, F. nucleatum subspecies animalis, and F. nucleatum subspecies fusiforme [15] , that the subspecies can be resolved by MALDI-TOF-MS [13] . Such data indicate the potential to use this technique to dif- ferentiate some taxa below the species level and, therefore, its value for epidemiological purposes.
Analysis of bacterial species by use of SELDI-TOF-MS is at a preliminary stage, but early results indicate that, whereas the intact cell MALDI-TOF-MS profiles described herein yielded spectra within the approximate range 0.5-20 kDa, analysis using the Ciphergen ProteinChips enables visualization of spectral profiles containing peptides/proteins in the mass range 10-150 kDa. Because of the chemistry of the ProteinChip arrays, specific classes of molecules may be captured from cell lysates selectively and analyzed. Here, an example of several toxigenic strains of B. fragilis (ETBF) and nontoxigenic strains (NTBF) were analyzed by SELDI-TOF-MS and revealed specific biomarkers in the mass range 3.5-18.5 kDa. When the H4 chip arrays were used, the ETBF strains exhibited a relatively large number of exclusive peaks compared with NTBF (data not shown). Conversely, for the NP2 chip arrays, the number of unique peaks was significantly higher for the NTBF strains than ETBF (figure 5). These results suggest that the acquisition of the toxigenic trait by strains of B. fragilis is accompanied by a shift in the number of proteins from hydrophilic to hydrophobic.
Until recently, mass spectrometry was the analytical tool of the physicist and chemist. Its recent arrival in biology heralds the dawn of a new era and, for the first time, enables direct analysis of intact cells. Analysis of microbial cells is perhaps the most challenging because of the dynamic nature of the cells' surface and the ease with which this can alter, in response, external environmental pressure. Surface components are often the most interesting features because they represent the sites of attachment to the host, serological determinants, virulence factors, and a range of physiological and structural activities. The tough bacterial cell surface and its complex polymers, which often do not form ideal admixtures with the organic matrix solutions, may create problems in obtaining stable and reproducible spectra. Many companies that specialize in mass spectrometry have produced instruments that accommodate microbiological analysis. In particular, Micromass UK, Ltd., has developed an instrument with appropriate software (MicrobeLynx, http://www.micromass.co.uk) that is dedicated to intact bacterial cell studies. This aims to overcome many of the problems associated with this genre of analysis. Because the mass spectrum of an isolate can be produced in just a few minutes with minute amounts of sample and minimal sample preparation, we foresee that MALDI-TOF-MS will soon become one of the most powerful, cost-effective technologies for the identification and characterization of microorganisms in both diagnostic and research laboratories. The full potential of this system depends on the existence of a database of mass spectral profiles to which unknown strains can be reproducibly matched [16, 17] . As a consequence, having devised a series of standard Figure 5 . Two-dimensional gel electrophoresis and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry peak map of a nonenterotoxigenic (NTBF; top) and enterotoxigenic (ETBF; middle) Bacteroides fragilis strain that used a hydrophobic (H4) ProteinChip array. Each peak represents a protein or peptide ionic species present in each strain. The comparison peak map (bottom) represents a subtraction of the peaks common to both strains, leaving only the exclusive ionic species for NTBF and ETBF strains. The latter exhibits unique ionic species that have potential application as an ETBF-specific biomarker.
operating procedures, we have embarked on an extensive multicenter program with Micromass UK and Manchester Metropolitan University to assemble a database of some 5000 taxa (authors' unpublished data). At present, 1000 type and reference species are currently deposited in a commercial database (Bacterial Spectra MMU) that is being challenged with clinical isolates sent to our laboratory. The results are compared with those obtained from chemical and molecular methods. Correspondence between methods is promising and looks set to alter the manner in which high-throughput microbiology may be applied.
Thus, by using intact cell MALDI-TOF-MS and SELDI-TOF-MS in the manner outlined above, in addition to 2-dimensional gel electrophoresis, the opportunity exists to gain a more holistic view of the bacterial proteome of human pathogens, to achieve a better understanding of species diversity, to identify new biomarkers, and to elucidate the role of specific proteins in disease.
